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Signal transduction via a family of cAMP receptor subtypes (cARs) is critical for proper development in the cellular
slime mold Dictyostelium. Genes encoding four related subtypes have been cloned and their expression, based on RNA
accumulation, has been previously reported. Here we report the differential spatial and temporal distribution of cAR2 and
cAR3 proteins, based on indirect double immuno¯uorescence. Cells were transformed with a carB: : lacZ construct, and
an antibody against b-galactosidase was used to visualize cAR2 expression. Simultaneously, a cAR3-speci®c antibody was
used to identify cAR3-expressing cells. Results indicate that by the time of tip formation (12±14 hr) both receptors are
expressed and distribute in a virtually nonoverlapping pattern, with cAR2 being expressed on anterior, prestalk cells and
cAR3 present in the rest of the organism. Differential distribution of these two receptor subtypes may result in distinct
cAMP signaling mechanisms in the two major regions of the organism. q 1996 Academic Press, Inc.
Central to the development of the eukaryotic microorgan- relatively straightforward, prestalk to stalk differentiation
ism, Dictyostelium, is signal transduction via a family of involves the production and movement of a number of dif-
G protein-coupled receptors. These receptors, cAR1±4, bind ferent prestalk cell types (Kay, 1994). The ecmA and ecmB
extracellular cAMP and are believed to activate a series of genes have been used to identify the different prestalk cell
intracellular effectors including adenylyl cyclase, guanylyl types, and promoter analysis has identi®ed speci®c DNA
cyclase, and phospholipase C as well as inducing Ca2/ in¯ux regions that positively and negatively regulate gene expres-
(Devreotes, 1994). Stimulation of these effectors, in turn, sion. Part of that regulation (and some aspects of prespore
regulates the processes of cAMP signal relay, chemotaxis, regulation) is affected by extracellular cAMP signaling, pre-
and differential gene expression (Firtel et al., 1989). The sumably mediated through the different cARs (Kimmel and
genes for the four receptors have been cloned and expression Firtel, 1991). The same approach has been used with the
analysis has begun. RNA accumulation studies have sug- recently cloned cAR genes, with cAR4 apparently being ex-
gested a progressive induction of receptor gene expression pressed in the same cells as EcmA (Louis et al., 1994) and
with the temporal order being cAR1, then cAR3, cAR2, and cAR2 being expressed only in an anterior subtype of ecmA-
cAR4 (Saxe et al., 1991; Louis et al., 1994). These studies expressing cells (Saxe et al., 1995).
have suggested a spatial as well as temporal overlap in recep- To extend our analysis of cAMP receptor expression and
tor distribution. Concurrently, work using the Escherichia distribution, we looked simultaneously at the distribution
coli lacZ gene coupled to a variety of cell type-speci®c gene of cAR2 and cAR3. We used a cAR3-speci®c antibody in
promoters has provided a great deal of insight into the mor- conjunction with our carB:: lacZ construct (carB being the
phogenetic and cytodifferentiation processes that occur dur- gene encoding the cAR2 protein). Figure 1 shows the distri-
ing Dictyostelium development (e.g., Bichler and Weijer, bution of cAR2 and cAR3 expression. To detect cAR2 we
1994; Early et al., 1995). These studies have led to the con- monitored carB: :lacZ using a mouse anti-b-galactosidase
clusion that, while prespore to spore development may be antibody (Sigma Chemicals, U.S.A.), followed by detection
with a ¯uorescein-conjugated, goat anti-mouse antibody
(U.S.B., U.S.A.). As previously reported, cAR2 is initially1 To whom correspondence should be addressed. Fax: 404-727-
6256. expressed randomly in a subset of cells in the aggregate (Fig.
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TABLE 1 at early times cAR2 and cAR3 can be found on the same
Differential Distribution of cAR2 and cAR3 cells with high frequency. In fact, even though only a few
carB-expressing cells were detected as early as 9 hr, virtually
Cell number all of them also expressed cAR3 (Table 1). As development
Developmental time (cAR3//b-gal/) % progressed, fewer and fewer carB-expressing cells also
showed cAR3 expression, so that by culmination almost noHPS400/carB±lacZ
overlap remained. The same low percentage of overlap was9 hr (late stream) 62/68 91
11±12 hr (mound) 42/77 54 seen in the slug stage (data not shown). To answer whether
14±16 hr (tip) 36/114 32 cAR3 was on ALCs, we used the same indirect, double im-
22±24 hr (culminant) 19/428 4 muno¯uorescence technique on a strain, HPS400/
HPS400/ecmA±lacZ ecmA:: lacZ that expresses b-galactosidase under the con-
7 hr (early stream) 21/25 84 trol of the ecmA promoter. This construct is expressed in
9 hr (late stream) 39/50 78
ALC/pstO cells as well as pstA cells (e.g., Bichler and24 hr (culminant) 73/152 48
Weijer, 1994; Saxe et al., 1995). As seen in Table 1, com-
Note. HPS400/carB::lacZ and ecmA::lacZ are wild-type axenic pared to carB, there is signi®cantly higher colocalization of
strains transformed with the indicated promoter± lacZ constructs cAR3 and ecmA:: lacZ expression. We interpret this to
and express b-galactosidase under the control of carB and ecmA, mean that cAR3 is not restricted to only prespore cells, but
respectively (Saxe et al., 1995). Developmental structures were dis- is present on at least a signi®cant percentage of ALC/pstO
aggregated and cells ®xed and analyzed for cAR3 or b-galactosidase cells.
as previously described (Saxe et al., 1995). Experiments are repre-
Several ®ndings come from these simple studies. First,sentative of several and are expressed as cAR3 antibody-positive/
based on RNA accumulation data, we previously suggestedb-gal antibody-positive.
that cAR3 showed little cell type localization (Saxe et al.,
1991; Johnson et al., 1993). In situ analysis of cAR3 protein
reported here, however, shows that while cAR3 is expressed
on virtually all cells during aggregation, it is not detected1A). As development proceeds, it is localized to the prestalk
on cAR2-expressing prestalk cells during postaggregativeregions and appears to be expressed exclusively in the ante-
development. The fact that cAR2 and cAR3 appear to berior prestalk cells (Figs. 1C, 1E, and 1G; Saxe et al., 1995).
colocalized during aggregation, but not later, suggests differ-In the same structures we simultaneously detected cAR3,
ential regulation of cAR2 and cAR3 gene expression as de-using a rabbit antiserum raised against cAR3 (Johnson et
velopment proceeds. Whether differences involve transcrip-al., 1993), followed by a rhodamine-conjugated, goat anti-
tional and/or posttranscriptional controls is under investi-rabbit antibody (U.S.B.). As expected, cAR3 was initially
gation. A promoter region for cAR3 has been isolated andexpressed in most or all of the cells of the aggregate (Fig.
removal of certain sequences results in a change from ubiq-1B). Surprisingly, as the anterior/posterior axis of the organ-
uitous to prespore-speci®c expression (Gollop and Kimmel,ism was produced, cAR3 expression was no longer detected
personal communication). How this relates to our presentin the anterior region (Figs. 1D, 1F, and 1H). The data in
observations is undetermined. It is also clear from this workFig. 1 raised several questions. Was the differential distribu-
that a substantial number of ecmA-expressing cells expresstion of cAR2 and cAR3, in later development, as complete
cAR3. Because of the lack of coexpression of cAR2 andas it appeared? Were they also differentially distributed at
cAR3, we must assume that these represent ALC/pstOthe aggregation stage? Was cAR3 only expressed on the pre-
cells. Using a pstO: :lacZ construct will clarify this issue.spore cells in the posterior regions of the slugs or was it on
These data, in conjunction with previous studies,anterior-like cells (ALCs) as well? To address the ®rst two of
strongly suggest that different cells in different parts of thethese questions, we disaggregated HPS400/carB: :lacZ cells
multicellular Dictyostelium organism display unique com-from different times in development and analyzed them on
an individual cell basis. The results, in Table 1, show that binations of cARs. In the very anterior-most region of the
FIG. 1. In situ distribution of cAR2 and cAR3. HPS400/carB::lacZ cells were developed and cAR2 and cAR3 distribution analyzed
simultaneously by indirect double immuno¯uorescence. Structures from different developmental stages were ®xed, ®rst with 50% then
100% methanol at room temperature for 10 min and then washed 31 with PBS/Tween 20. Structures were blocked with PBS/Tween /
5% BSA for 2 hr and incubated for 5 hr with appropriate primary antibody (see below). After washing 31 in PBS/Tween, structures were
incubated for 5 hr with appropriate secondary antibodies. cAR2 was detected (A, C, E, G) with a mouse anti-b-galactosidase antibody
(Sigma) followed by a ¯uorescein-conjugated, goat anti-mouse antibody. Structures were simultaneously analyzed for cAR3 expression (B,
D, F, H) using a rabbit anti-cAR3 antiserum (Johnson et al., 1993), followed by a rhodamine-conjugated goat anti-rabbit antibody. Treatment
with either primary or secondary antibodies alone resulted in minimal detectable ¯uorescence (not shown). (A, B) Mound stage; (C, D)
tip stage; (E, F) slug stage; (G, H) culmination. Arrows indicate identical regions in each matched pair. (I) HPS400/carB::lacZ structures
at lower magni®cation stained with X-gal for b-galactosidase activity; method was as in Saxe et al. (1995).
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trol the developmental program of Dictyostelium. Neuron 12,slug (and the top of the culminant) prestalk cells express
235±241.cAR2 and probably cAR4 (Louis et al., 1994). In more poste-
Early, A., Abe, T., and Williams, J. (1995). Evidence for positionalrior regions they express cAR3 and probably cAR4 on ALCs.
differentiation of prestalk cells and for a morphogenetic gradientIn prespore cells, cAR3 seems to be the prevalent form. in Dictyostelium. Cell 83, 91±99.
Much needs to be done to clarify these relationships (includ- Firtel, R. A., van Haastert, P. J. M., Kimmel, A. R., and Devreotes,
ing cAR1 analysis), but it is now clear that different cells P. N. (1989). G-protein linked signal transduction pathways in
can express multiple cAMP receptor subtypes. Since each development: Dictyostelium as an experimental system. Cell 58,
235±239.subtype has a unique af®nity for cAMP (Johnson et al., 1992)
Johnson, R. L., van Haastert, P. J. M., Kimmel, A. R., Saxe, C. L.,and may or may not evoke the same responses, the increas-
Jastroff, B., and Devreotes, P. N. (1992). The cyclic nucleotideingly signi®cant question is how does the display of differ-
speci®city of three cAMP receptors in Dictyostelium. J. Biol.ent combinations of cARs translate into different cellular
Chem. 267, 4600±4607.
behaviors or differentiation decisions in response to cAMP. Johnson, R. L., Saxe, C. L., Gollop, R., Kimmel, A. R., and De-
vreotes, P. N. (1993). Identi®cation and targeted gene disruption
of cAR3, a cAMP receptor subtype expressed during multicellular
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